Borophene, a theoretically proposed two-dimensional (2D) boron allotrope [1] [2] [3] , has attracted much attention 4,5 as a candidate material platform for high-speed, transparent and flexible electronics [6] [7] [8] [9] . It was recently synthesized, on Ag(111) substrates 10, 11 , and studied by tunnelling and electron spectroscopy 12 . However, the exact crystal structure is still controversial, the nanometre-size single-crystal domains produced so far are too small for device fabrication and the structural tunability via substrate-dependent epitaxy is yet to be proven. We report on the synthesis of borophene monitored in situ by low-energy electron microscopy, diffraction and scanning tunnelling microscopy (STM) and modelled by ab initio theory. We resolved the crystal structure and phase diagram of borophene on Ag(111), but found that the domains remain nanoscale for all growth conditions. However, by growing borophene on Cu(111) surfaces, we obtained large singlecrystal domains, up to 100 μm 2 in size. The crystal structure is a novel triangular network with a concentration of hexagonal vacancies of η = 1/5. Our experimental data, together with first principles calculations, indicate charge-transfer coupling to the substrate without significant covalent bonding. Our work sets the stage for fabricating borophene-based devices and substantiates the idea of borophene as a model for development of artificial 2D materials.
. The polymorphism of borophene also opens up concrete paths for engineering structural and electronic properties of anisotropic 2D metallic sheets 1, [5] [6] [7] by choosing different substrates or growth conditions. Atomic boron planes isostructural to graphene already stand out by providing a high critical superconducting temperature (T c ≈ 40 K) in MgB 2 , which makes the prospect of discovering other boron-based 2D superconducting compounds promising 14 . Using Ag(111) substrates and molecular beam epitaxy, a pioneering work demonstrated the successful synthesis of atomically thin 2D boron layers organized in islands tens of nanometres in size 10, 11 . Indications of persisting Dirac fermions are present in the photoemission data 12, 15 of these boron sheets, and their existence is supported by theoretical calculations in several polymorphs 14 .
To the extent that simple tight-binding approximations provide a good parametrization for ab initio band structure calculations in borophene, it is notable that within nearest-neighbour interaction the degeneracy at graphene K points and the presence of associated Dirac cones are preserved for an arbitrary distribution of 'impurity' atoms that fill the hexagonal centres of any type of supercell of a honeycomb lattice. This remains true in higher-order hopping for several of the theoretically stable sheets of borophene with the concomitant appearance of flat or weakly dispersive bands that arise from localized orbitals of the centre atoms. This peculiarity of the honeycomb lattice is interesting because flat bands can engender strange, non-Fermi-liquid metals, and perhaps open a path to room-temperature superconductivity 16 . To realize this potential, it is pressing to explore the synthesis of borophene on other substrates and study the ensuing crystal structures.
Notwithstanding the promises for unique electronic and mechanical properties, the lateral extent of the borophene domains produced so far makes them amenable to study by only a few techniques and is far below the limits required for device fabrication. This is an impediment to gaining access to key properties, such as resistivity, Hall effect, magnetoresistance and so on, because micrometre-sized single-crystal flakes are needed for such measurements. Here we solve this challenge by growing borophene on a different substrate (copper) to produce singlecrystal domains 10-100 μ m 2 in size. Elemental borophene may now be used as a material platform to make devices and study fundamental physics.
The interest in borophene encounters substantial theoretical and experimental challenges. The prediction and targeted synthesis of borophene is a delicate affair because of the existence of many states with energies very close to the overall minimum [1] [2] [3] 7, 8 . Furthermore, it has been predicted that the already-rich phase space for 2D borophene sheets in vacuum can be easily modified by the interaction with the substrate of choice 13 . 2D phases are found to be stabilized by the existence of boron vacancies in a triangular lattice, but theory predicts a disconnect between the stable patterns of vacancies in free-standing and metal-supported borophene 13 . This is important for the transfer of sheets from metallic to device-compatible substrates.
In this work, we utilized the capabilities of low energy electron microscopy (LEEM) for the simultaneous real-time monitoring of dynamics of borophene nucleation and growth as well as k-space structural characterization by low energy electron diffraction (LEED) [17] [18] [19] [20] . A set-up that employed a customized electron-beam evaporation source along with other sample preparation capabilities (Methods) enable the precise control of deposition rates, which is essential for producing crystalline 2D sheets. To determine the structure of borophene on Cu(111), we performed high-resolution STM measurements 21 using functionalized tips 22, 23 in conjunction with ab initio density functional theory (DFT) calculations [24] [25] [26] .
Large-area single-crystal sheets of borophene on Cu(111) surfaces
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We first studied the growth and stability of borophene on Ag(111) surfaces in detail. Previous work used STM data in combination with DFT to infer the crystal structure 10, 11 . For a given 2D borophene sheet, the parameter η is defined 1 as the ratio of vacant hexagon-centre sites to the number of triangular lattice sites in a unit cell. An 'empty' honeycomb (graphene-like) lattice has η = 1/3, and a putative all-boron triangular lattice has η = 0. For borophene on Ag(111), two structures, denoted β 12 and χ 3 , were proposed and correspond to η = 1/6 and η = 1/5, respectively. We synthesized borophene layers on Ag(111) at various substrate temperatures (Fig. 1) . Both β 12 and χ 3 phases were, indeed, identified by LEED, and we confirmed that the former is favoured at lower growth temperatures, 550 ≲ T ≲ 600 K. Nevertheless, weak diffraction peaks that correspond to the χ 3 phase are also present, which indicates phase coexistence in this temperature range. Growth at an elevated temperature, 650 ≲ T ≲ 720 K, renders only the χ 3 phase (Fig. 1c) . Further increasing the substrate temperature generates additional orientations for χ 3 domains, rotated by 30° (χ 3 -R30), as well as a reentrance of the β 12 phase, also with domains rotated by 30° (β 12 -R30) ( Fig. 1d and Supplementary Figs. 1 and 2 ). In situ post-growth temperature ramps in the 550-850 K and 750-910 K ranges (Fig. 1e,f) show that the χ 3 phase is more stable than the β 12 counterpart. Figure 1b ,c shows bright-field LEEM and LEED images of borophene on Ag(111). The size of the single-crystal domains is only in the range of tens of nanometres. The domains do not coalesce and the average size does not change even at complete monolayer (ML) coverage. These results are further confirmed by atomic force microscopy (AFM) ( Supplementary Fig. 3 ). The higher nucleating density on Ag surfaces along with a tendency for boron clustering could be a limiting factor for the average domain size. Indeed, continuing deposition beyond one full ML coverage leads to a reduction of crystallinity (dark areas in Fig. 1d ). The bright areas in Fig. 1d correspond to regions where nanosized β 12 -30°, χ 3 -30° and χ 3 domains are found to coexist and, occasionally, even overlap with each other spatially (dark-field images in Supplementary Fig. 4 ).
To produce larger domains, we explored candidate substrates less inert than Ag, that is, potentially able to promote the growth of larger domains, but not so reactive as to form metal-boride compounds. Our data support the notion that Cu substrates achieve this balance. Figure 2 illustrates the nucleation and growth of a largearea ML film of borophene on a single-crystal Cu(111) substrate at T = 770 K and at a rate of 0.05 ML min -1 (Supplementary Video 1). The growth on the lower terraces of the Cu step edges is anisotropic and proceeds at a rate that is about five times faster along the step edge than in the perpendicular direction ( Supplementary Fig. 5 ). Nucleation on the upper terraces follows subsequently and displays more isotropic growth kinetics. The growth of single crystals ensues once the density of nucleation sites reaches a saturation value . Ambient AFM data ( Fig. 2b-d) corroborate the growth of one-atom-thick borophene islands.
The LEED and dark-field LEEM images in Fig. 3 show that the borophene sheets are composed of large single-crystal domains. The domain length along the terrace directions can exceed 10 μ m. Domain widths in the perpendicular direction can be limited by the terrace width, typically 1-3 μ m, and are determined by the angle of surface miscut with respect to the Cu(111) plane. Nevertheless, boundaries of borophene domains do not always follow the Cu terraces, and it is common to find borophene flakes that cross many step edges (Supplementary Fig. 6 ). Despite the large number of Bragg peaks in the LEED data, we observed that many of them 'light up' the same domain structure. We elucidated this domain structure by performing micro-LEED. Figure 3 and Supplementary   Fig. 6 demonstrate that the entire ML is made out of six domain types. They are obtained by 120° rotations of two types of unit cells with different chiralities (Fig. 3i) , and correspond to a single structural phase. The unit cell of our structure is 21.84 × 15.96 Å in size, larger than those that correspond to the β 12 and χ 3 sheets, and is rotated by a small angle (± 5.8°) with respect to the [100] direction of the Cu(111) surface (Fig. 3h) . Although domain sizes are generally correlated with substrate step edges, large individual Cu terraces also allow faceted island growth ( Supplementary Fig. 7 and Supplementary Video 2). Important and delicate questions that involve possible boride formation, boron solubility in Cu or the role of evaporation and subsurface dissolution are also elegantly solved using LEEM capabilities: we were able to induce subsurface dissolution and resurfacing of crystalline borophene sheets by thermal The sequence of bright-field LEEM images at T = 770 K reveals that borophene islands prefer to nucleate from the down-step edge of Cu terraces (that is, the direction marked by the arrow in the first panel, t = 0 s) and that the growth proceeds faster along the step-edge direction: ~97 Å s -1 compared to ~20 Å s -1 for the perpendicular direction ( Supplementary Fig. 5 ). Snapshots taken at 75 and 228 s illustrate that at this stage of growth, borophene flakes display sharp edges along the low-index directions of the substrate, as shown by the arrows (Supplementary Video 2) . These two panels, along with the snapshot at 468 s, also show that down-step nucleation is followed by borophene growth across the upper-step edge. In contrast to the down-step growth, up-step growth generates arc-shaped islands, which indicates more isotropic growth kinetics (arrow in the 468 s panel). A continuous ML emerges that reproduces faithfully the Cu(111) terrace structure. The growth rate was ~0.05 ML min -1 (Supplementary Video 1) . b, Topographic AFM image at around a 0.1 ML coverage. The surface root mean square is 0.24 Å on the Cu(111) terraces and 0.43 Å on the borophene islands (green arrows). c, The line profile (corresponding to the black line in b) shows a 2.8 Å tall atomic step of the Cu substrate. d, The line profile (corresponding to the blue line in b) shows that the thickness of the borophene sheet in ambient conditions is around 3.0 Å. e, Ex situ XPS spectra from a B/Cu(111) sample. The data indicate that after 1 h of exposure to air, about 80% of the borophene has been oxidized ( Supplementary Fig. 9 ).
cycling the Cu(111) substrate covered by a full ML of borophene ( Supplementary Fig. 8 and Supplementary Video 3) .
To decipher the internal structure of the unit cell, we performed STM measurements and ab initio DFT calculations. Figures 3j  and 4a ,b show large-area topographic STM images of a borophene domain on Cu terraces. The Fourier transform of the topographic signal is in very good agreement with the LEED results, which indicates that the same borophene structure is preserved at T = 5 K. STM tip functionalization with carbon monoxide molecules 21, 22 dramatically improves the spatial resolution compared to that typically achieved with bare metallic tips ( Supplementary Fig. 10 ). Such ultraresolved STM data allow us to propose an array of potential planar borophene sheets whose stabilities are subsequently found by DFT calculations and relaxations 24, 25 . Figure 4e -g summarizes this procedure and displays our proposed structure of borophene on Cu(111) substrates, which is also the one with the largest binding energy of all the sheets investigated. The good agreement between the experimental (Fig. 4e) and DFT-simulated structure using tunnelling states with p z character 26 for the functionalized STM tip (Fig. 4f ) supports this assignment ( Supplementary Sections 3 and 4) . The proposed structure has a boron vacancy density of η = 1/5 (the same as that for the χ 3 structure).
Our ab initio calculations reveal a rather flat sheet of relaxed borophene with a z corrugation of only 0.43 Å, consistent with prior theoretically investigated structures on Cu(111) with smaller unit cells 13, 27 . The average B-B bond length is 1.72 Å, with a spread of < 0.2 Å, and we found that the sheet on Cu(111) is under anisotropic, ~4% on average, tensile strain compared to the corresponding structure relaxed in vacuum. More details on other borophene structures we investigated are given in Supplementary Section 4. We investigated the film-substrate interaction, a relevant parameter for prospective sheet transfer and device fabrication (Fig. 5) . The calculations show that our borophene structure in Fig. 4 is electron doped via charge transfer with no significant covalent bonding. The value of η = 1/5 can be understood if one takes into account that the self-doping mechanism 3, 28 in conjunction with the electron transfer from Cu to B is expected to increase η above η ≈ 1/9 (the maximum stability for isolated sheets). Our experimental findings are generally in agreement with the predicted behaviour of 2D boron on Cu(111) surfaces 13, 27 and confirm the predictive power and capabilities of ab initio calculations to guide future choices of material substrates for the structural and electronic engineering of 2D sheets of borophene.
Data on both Cu and Ag substrates indicate that the formation of atomically thin 2D boron sheets is a self-limiting process; this is advantageous for the synthesis of heterostructures based on atomically thin layers. Indeed, beyond 1 ML coverage, the growth rate on Cu and Ag decreases dramatically, even if the boron flux is substantially increased. Next, our study illustrates several other differences brought about by the material choice for the substrate. Growth dynamics, the influence of incoming atomic flux or substrate temperature on the structure, film adhesion and rippling 10, 11, 29, 30 , are shown to be very different on the two substrates. This is crucial from the devicefabrication perspective, because the synthesis of large-size domains is required to engineer heterostructures. Our results underline the importance of borophene-substrate interactions and the choice of substrate materials. Simultaneous real-and k-space mapping is shown to be very useful for the controlled synthesis and characterization of new 2D phases, and in conjunction with several elemental sources can also be used to visualize heterostructure growth.
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